Fatty acid synthesis is traditionally viewed as being confined to the cytosolic cellular fraction, although a substantial body of data indicates that both microsomes and mitochondria are capable ofinitiating fatty acid synthesis and may contain acetyl-CoA carboxylase [acetyl-CoA:carbon- (1) (2) (3) (4) (5) (6) .
lyase (pro-3S-CH2COO--acetyl-CoA; ATP-dephosphorylating), EC 4.1.3.8] activities. We have identified 32P-labeled acetylCoA carboxylase and 32P-labeled ATP-citrate Iyase by immunoprecipitation of a rat hepatocyte microsomal preparation. In the transition between the fasting state (low rates of lipogenesis) and fasting/re-feeding (high rates), the fraction of total cytosolic plus microsomal acetyl-CoA carboxylase in the microsomes increases from 6% to 43%, whereas the microsomal proportion of total fatty acid synthetase and ATP-citrate Iyase remains approximately 10%. Microsome isolation conditions favoring carboxylase polymerization (presence of citrate) promote microsomal association, whereas conditions favoring enzyme protomerization (malonylCoA, preincubation with cyclic AMP/ATP/Mg2+) diminish this association. The microsomal enzyme has a 5-fold higher specific activity than the cytosolic enzyme as determined by immunotitration. Sucrose density gradient analysis of the microsomal fraction indicates that a substantial portion of carboxylase activity sediments with marker enzymes for endoplasmic reticulum, plasma membrane, Golgi apparatus, and outer mitochondrial membrane, while cytosolic enzyme or isolated enzyme incubated under polymerizing conditions does not penetrate the gradient. These data suggest that the microsomes may be a significant locus of fatty acid synthesis initiated with association ofacetyl-CoA carboxylase polymer with this fraction.
Fatty acid synthesis and the activities of three important lipogenic enzymes, ATP-citrate lyase [ATP citrate (pro-3S)-lyase; ATP:citrate oxaloacetate-lyase (pro-3S-CH2 COO-acetylCoA; ATP-dephosphorylating), EC (1) (2) (3) (4) (5) (6) .
We have been interested in the role ofcovalent enzyme phosphorylation in the regulation of lipogenesis. Previous studies from our laboratory and others (7-10) have indicated that both acetyl-CoA carboxylase and ATP-citrate lyase are subject to hormonally induced changes in enzyme phosphorylation. During the course of these studies, it was recognized that these phosphoproteins were not confined to the cytosolic fraction. These findings have prompted the reinvestigation of the subcellular distribution of the enzymes of lipogenesis. The results ofthe present study suggest that the microsomes may be a major locus of fatty. acid synthesis in the liver. (11) .
MATERIALS AND METHODS
Methods. Microsomes and cytosolic fractions of liver were prepared in the following manner. Rats were killed by cervical dislocation and the liver was rapidly removed and rinsed in 10 mM Tris HCl, pH 7.2/2 mM dithiothreitol/0.25 M sucrose at 40C. The liver was then homogenized in the same buffer with a Dounce homogenizer (20 strokes with a loose pestle for whole liver; 40 strokes with a tight pestle for hepatocyte pellets) in the above buffer [1 g/2 ml of whole liver or 2.0 x 10 cells (= 1 g) per 2 ml for hepatocytes]. The homogenate was centrifuged at 12,000 x g for 20 min in a Sorvall RC-2B refrigerated centrifuge. The supernatant obtained was then centrifuged at 105,000 x g for 60 min in a Beckman L2 centrifuge. This supernatant, termed cytosol, was removed, and the volume was measured. The pellet, termed microsomes, was resuspended in an identical volume ofbuffer by homogenization, employing a glass rod with Vortex mixing. In experiments designed to resolubilize microsomal acetyl-CoA carboxylase, the microsomes were resuspended in the above buffer containing sodium acetate (200 mM) and recentrifuged at 105,000 X g for 60 min. This supernatant was designated resolubilized microsomal acetyl-CoA carboxylase. In immunoprecipitation experiments, the microsomes were resuspended in the homogenization buffer containing 1% Triton X-100 and the solubilized microsomal proteins were isolated after recentrifugation.
Hepatocytes were prepared by collagenase digestion of the isolated perfused rat liver (12) . 32p labeling and cell incubations were as described (13) . 32P-Labeled fractions were subjected to polyacrylamide gel electrophoresis with subsequent radioautography as described (13) . Immunoprecipitation was carried out by a published method (7). Rats were prepared for experiments after an 18-hr fast (fasted), or were fasted for 72 hr and re-fed for 48 hr with a lowfat high-carbohydrate diet (fat-free test diet, ICN).
Enzyme Assays. Acetyl-CoA carboxylase was assayed with a preincubation assay under conditions previously reported (11) . One unit of acetyl-CoA carboxylase activity is 1 ,umol of H4C03-fixed into malonyl-CoA per minute at 37°C. ATP-citrate Iyase activity was measured by a published method (10 (14) . A preincubation assay was employed with a 30-min incubation of enzyme in the presence of 5 mM sodium citrate, 5 mM MgCl2, and antiserum prior to initiating the reaction. Under these conditions, we routinely see only an 80% inhibition of enzyme activity at maximal antiserum concentrations, presumably due to antibody-bound enzyme that remains catalytically active; this has been noted by other investigators (16) . Under immunoprecipitation conditions (not shown), there is 100% precipitation of activity with this antiserum. Immunotitration curves were constructed and the immunotiter was determined by extrapolation ofthe initial slope ofthe inhibition curve to zero activity. The specific activity ofthe enzyme is then determined as a ratio of activity in the absence of antiserum to the immunotiter and is expressed as milliunits of activity per ,.l-equivalent of antiserum.
Gradient Analyses. The microsomal and cytosolic fractions were analyzed by sucrose density gradient centrifugation. Cytosolic and microsomal fractions were prepared as above, except that the homogenization buffer was 100 mM potassium phosphate, pH 7.20/10 mM sodium citrate/2 mM dithiothreitol/ 2% (wt/wt) sucrose. The cytosolic and microsomal fractions (1.0 ml) were then layered over a sucrose density gradient [13.66-54 .1% (wt/wt) sucrose in the same buffer (12.2 ml)]. Centrifugation was in an SW-41 rotor in a Beckman L265 ultracentrifuge at 4°C for 45 min. Twenty-four fractions (0.55 ml per fraction) were collected from the bottom of the tube. In addition to the above enzyme assays, the gradient fractions were analyzed for several other subcellular marker enzymes by established techniques, namely NADH oxidase (marker for endoplasmic reticulum and outer mitochondrial membrane) (17), glucose-6-phosphatase (marker for endoplasmic reticulum) (18), monoamine oxidase (marker for outer mitochondrial membrane) (19), 5'-nucleotidase (marker for plasma membrane) (17) , lactate dehydrogenase (marker for cytosol) (20) , and galactosyltransferase (marker for Golgi apparatus) (21) . The density of each fraction was determined by pycnometry. The protein content of each fraction was determined by the method of Lowry et al. (22) . Each gradient fraction was subjected to sodium dodecyl sulfate/polyacrylamide gel electrophoresis employing slab gels (7.2% pH 9.81) as devised by Neville (23) . RESULTS Microsomal Phosphopeptides. Microsomal and cytosolic fractions were prepared from hepatocytes from fasted/re-fed rats after labeling with 32Pi for 60 min. The fractions were subjected to polyacrylamide gel electrophoresis. Radioautography of the dried and stained gel indicated two major phosphoproteins of subunit molecular weight 240,000 and 123,000 present in both the cytosolic and microsomal fractions (Fig. 1) . We had previously identified the cytosolic proteins as being acetyl-CoA carboxylase and ATP-citrate lyase, respectively (7, 10 All three enzymes are well known to be induced in the transition between fasting states and states characterized by high rates of lipogenesis. The proportion of enzyme activity distributed to the cytosolic and microsomal fractions (subsequently referred to as total activity) at two extremes of lipogenesis was, therefore, explored. These data are also displayed in Table 1 . The microsomal proportions of total ATP-citrate lyase and fatty acid synthetase activity are essentially the same in fasting state (low rates of lipogenesis) and the fasted/re-fed state (high rates of lipogenesis). In contrast, acetyl-CoA carboxylase activity in the microsomal fraction rises from 6% to 43% of total with induction of lipogenesis by fasting/re-feeding. The absolute change in activities present in the microsomal and cytosolic frac- tions (Table 1) indicates that during induction the cytosolic and microsomal activities of ATP-citrate lyase and fatty acid synthetase both increase to approximately the same extent. However, during induction, it is the microsomal activity of acetylCoA carboxylase that increases markedly (10-fold), with no change in the cytosolic fraction. The association of acetyl-CoA carboxylase with the microsomal fraction appears to be dependent upon the polymeric state ofthe enzyme. Addition ofcitrate (10 mM) to the 12,000 x g supernatant prior to high-speed centrifugation or initial homogenization and microsomal preparation in a phosphate/citrate buffer markedly increases the fraction oftotal cytosolic plus microsomal enzyme association with the microsomes (Table 2A) . Conversely, the addition of malonyl-CoA to the 12,000 X 0.049 In A, cytosol (C) and microsomes (M) were isolated from fasted/refed animals by high-speed centrifugation of a 12,000 x g supernatant fraction prepared by liver homogenization in either 10 mM Tris-HCl, pH 7.2/2 mM dithiothreitol/0.25 M sucrose or 100 mM potassium phosphate, pH 7.2/10 mM sodium citrate pH 7.2/2 mM dithiothreitol/0.25 M sucrose. In the Tris isolation, either citrate (10 mM final concentration) or malonyl-CoA (100 uM final concentration) was added just prior to high-speed centrifugation or the 12,000 x g supernatant was incubated with 10 ,uM cyclic AMP/1 mM ATP/2 mM Mg2e for 20 min at 37°C prior the second centrifugation. In each case, the microsomes were resuspended into a buffer identical in composition to the corresponding cytosolic fraction. In B, microsomes from 18-hr-fasted animals were prepared and washed two times with Tris buffer containing 0.2 M sodium acetate. These stripped microsomes (8.3 mg of microsomal protein) were incubated with a cytosolic fraction (28.3 mg cytosolic protein) from fasted/re-fed livers that had been previously incubated at 37°C for 20 min in the presence of no additions (control), 10 mM citrate, or 10 ,uM cyclic AMP/1 mM ATP/2 mM Mg2e. The recombined microsomal and cytosolic fractions were then recentrifuged at 105,000 x g for 60 min and the microsomal pellet was resuspended in a buffer equal in volume and composition to that of the supernatant fraction. In both A and B, acetyl-CoA carboxylase is expressed as milliunits per total volume, as measured at 37°C in the preincubation assay at 5 mM citrate. g supernatant or incubation ofthis supernatant with cyclic AMP, ATP, and Mg2" prior to microsome preparation decreases the relative microsomal content; both of these conditions are associated with enzyme protomerization (24, 25) . Similar results were obtained when microsomes from fasted rats (stripped of any endogenous acetyl-CoA carboxylase by repetitive washing with 0.2 M sodium acetate) were incubated with the cytosolic fraction after treatment of this fraction with either citrate or cyclic AMP/ATP/MG2+ (Table 2B ). These data demonstrate that the reassociation of the enzyme with microsomes is increased substantially by citrate and inhibited by preincubation with cyclic AMP/ATP/Mg2e. Further support for the concept ofpolymeric association with the microsomes can be seen in the determination of avidin-sensitive activities in each fraction; more than 90% of the cytosolic enzyme is inhibited by avidin, whereas less than 40% of the microsomal enzyme is inhibited (not shown). Previous studies in other laboratories have indicated that the protomeric form ofthe enzyme is avidin sensitive, whereas the polymer is relatively insensitive (24) .
Because ofthe demonstration that enzyme polymer appeared to preferentially associate with the microsomes, it was important to exclude the possibility that polymer was simply cosedimenting with the microsomes during preparation. Sucrose density gradient analysis indicates that the cytosolic enzyme, under polymerizing conditions in the presence of phosphate/ citrate, does not penetrate a 13.66-54.1% gradient (Fig. 2 ), * while a substantial fraction ofthe microsomal enzyme sediments in a broad area with a peak at p = 1.14 g/ml (Fig. 3A) . No fatty acid synthetase and only traces of ATP-citrate lyase activities were associated with these fractions in the microsome gradient. Polyacrylamide gel electrophoresis of each microsomal gradient fraction revealed two peaks of a Coomassie blue-stained 240,000-dalton band (Fig. 3B) ; in the fractions above the gradient (22) (23) (24) , this band corresponds to both acetyl-CoA carboxylase and fatty acid synthetase activities. In the p range 1.120-1.145 g/ml, the 240,000-dalton band peak corresponds to the second peak of acetyl-CoA carboxylase activity alone.
Several subcellular marker enzymatic activities were also determined on the same gradient fractions in an effort to further define the potential subcellular locus ofacetyl-CoA carboxylase association. As shown in Fig. 3C , the region ofp between 1.10 and 1.17 g/ml, which contains acetyl-CoA carboxylase activity, also contains marker enzymes for plasma membrane, endoplasmic reticulum, outer mitochondrial membrane, and Golgi apparatus; glucose-6-phosphatase activity ( sayed in other identical gradients in the absence of KPi) was recovered in the same density range as NADH oxidase. Monoamine oxidase activity was also detectable through this density range. Therefore, the precise loci ofsubcellular acetyl-CoA carboxylase association cannot be determined without further subcellular fractionation. The bulk of the microsomal acetyl-CoA carboxylase activity, however, does not penetrate this gradient. Acetyl-CoA carboxylase in this region ofthe gradient might represent protomer or polymer that is unassociated with membranes, disrupted from loose association with a denser fraction, or in association with a subfraction ofmembrane(s) that does not penetrate the gradient.
Immunotitration of cytosolic and resolubilized microsomal enzyme indicated that the microsomal enzyme has a specific activity of 239 milliunits/,ul-equivalent versus 48.5 for the cytosolic enzyme (Fig. 4) under gradient centrifugation conditions. It is tempting to speculate, however, that the microsomes may be a locus ofassembly for the fatty acid-synthesizing enzymes. Lane and coworkers (26) have previously suggested that acetyl-CoA carboxylase polymer may represent a structural framework for such assembly. On the basis of the results of the present investigation, which indicate a high proportion of enzyme activity on the microsomes and preferential association ofpolymer with this fraction, the microsomes must be considered to be a possible initiating locus for this assembly.
The precise locus or loci of subcellular localization of acetylCoA carboxylase cannot be determined from the present data. Previous work in our laboratory on adipose tissue identified a 216,000-dalton [32P]phosphopeptide in cytosol and endoplasmic reticulum; it was absent from highly purified mitochondria and plasma membrane (27) . Subsequent work demonstrated that this phosphopeptide was 32P-labeled acetyl-CoA carboxylase (7) . These data then suggest that the endoplasmic reticulum may be the subcellular locus of acetyl-CoA carboxylase association.
Comparison of the microsomal and cytosolic acetyl-CoA carboxylases indicates that the specific activity of the microsomal enzyme is 5-fold higher than that of the cytosolic enzyme. This difference may reflect various amounts of enzyme protomer or polymer in these fractions or could be due to differences in the phosphorylation state. Precise kinetic and structural definition of the microsomal and cytosolic enzymes will require isolation of each to homogeneity.
We emphasize that the relative distribution of acetyl-CoA carboxylase activities between the cytosol and the microsomes in the present study may reflect the homogenization conditions employed. We and others (4) have noted that the method of homogenization, concentration of the homogenate, and buffer composition all influence the relative distribution of the enzyme. Isolation procedures for the rat liver enzyme should take into account possible significant loss of enzyme activity to the microsomal fraction during initial high-speed centrifugation.
In summary, our data demonstrate that a substantial fraction of acetyl-CoA carboxylase is associated with the microsomes during high rates of lipogenesis. Studies of the in vitro regulation of this enzyme must take into account possible effects of this intracellular distribution on the modulation of enzyme activity and lipogenesis.
